We present the dynamics of optical vortices (OVs) that came from the propagation of helico-conical optical beam. This dynamics is investigated numerically by tracking the OVs at several distances using rigorous scalar diffraction theory.
beams [2] and higher order Bessel beams [3] , as well as their fractional counterparts [4, 5] . An underlying interest on these kinds of beams emerges since OV carries orbital angular momentum. These beams also have wide range of potential applications such as in information encoding, free-space information transfer [6] , optical trapping [7] and micromanipulation [8] .
The study of the dynamics of OV may offer substantial explanations to other related physical phenomena such as drift events, gyration and hydrodynamics [9, 10] . Thus, there is a demand to understand the dynamical behavior of OV. OV has fluidlike motion as the beam propagates which is explained by the potential theory [11] . For multiple OVs in a single beam, same-charge (isopolar) vortices are found to gyrate together while opposite-charge (bipolar) vortices tend to drift away from the direction of beam axis [9] . Investigating dynamical behavior of three or more OVs in a single beam has not been fully explored.
Although Roux derived mathematical expressions for interaction of two OVs [9] , several complications arise in providing a preliminary model for interacting three or more OVs. This kind of system, which cannot be described by mutual interactions such as 2-body mechanics problem and 2-charge electrodynamics problem, requires statistical approach [12, 13] .
Helico-conical optical beam (HCOB) is a special type of beam which can produce a string of multiple OVs when propagated. The HCOB is an interesting beam in that it acquires OVs as it propagates because of its peculiar phase: it has inseparable azimuthal θ and radial ρ phases. HCOB phase φ(ρ, θ) is expressed as:
where l is the topological charge, ρ o normalizes ρ, and K can take the value of either 0 or 1. HCOB has been observed to generate a string of l isopolar peripheral OVs and has an oppositely l-charged central vortex for K equal to 1 [14] . These same polarity OVs in the radial opening are interacting which cause angular and radial phase variations [15] . Their interactions cause the rotations of OVs as the beam propagates which affects the intensity profile. In this paper, we report the first detailed study of dynamical behavior of a string of multiple OVs in HCOB as the beam propagates. We presented the interaction of peripheral OVs with and without the presence of central OV. This is based on the radial and angular motions of OVs in beam profiles that are obtained at fine-scaled propagation distances.
Several approaches in OV detection have been demonstrated numerically and experimentally, in which some are discussed in the following. Roux performed a numerical closed line integral to the gradient of the phase profile in locating the OV [9] . A closed line integral to a continuous gradient results to a zero value.
Hence, an integral which results to a non-zero value implies that it is evaluated at discontinuous region, which indicates that inside the contour is an OV.
Maallo and Almoro demonstrated detection of single OV by the axial behavior in retrieved phase maps [16] . They based their detection on the behavior of OV which has rapid phase variation in the transverse space and has phase invariance along axial direction. Murphy et al. experimentally located OVs using a Shack-Hartmann wavefront sensor [17] . The slopes in the acquired wavefront surface are used in an algorithm to display branch point potential map in which peaks and valleys display both the locations and polarities of the OVs. Ricci et al. used multi-pinhole interferometry to demonstrate the vortex-splitting phenomenon that is able to detect OV when 2D scanning is performed [18] . In our study, it is necessary that multiple OVs can be detected simultaneously even at relatively far propagation distance. Also, intensity profiles obtained at fine-scaled propagation distances are needed to closely track the motion of
OVs, which is difficult to achieve experimentally. Numerical approach provides a noise-free system and may generate significant interaction characteristics between the OVs at fine-scaled propagation distances. The numerical closed line integral used by Roux and the algorithm based on axial behavior developed by Maallo and Almoro both require scanning before OV can be detected. Hence, we utilized a numerical simulation that is able to detect multiple OVs simulataneously at a fine-scaled propagation distances even as far as 1000 mm. The locations of OVs can be determined by getting the intersection of the zeroes of the real and imaginary parts of the complex wave amplitude profile. The validity of numerical results was verified by comparing it to experimental results.
The observation of the dynamical behavior of OVs in HCOB may find potential applications to a more controllable micromanipulation or optical spanner by just adjusting the phase parameters, or a better understanding of reconstruction characteristics of the self-healing property of HCOBs [19] .
Experiment and Simulations
We present the experimental methods and the simulation steps in this section. Figure 1 illustrates the experimental setup. A collimated HeNe laser (wavelength λ=632.8 nm) passes through a computer-generated hologram (CGH) which is placed at the front focal plane of the first lens L1 (f 1 = 500 mm). The production of CGH is described elsewhere [20] . Intensity of HCOB beam that contains the OVs is acquired experimentally based on the holographic setup used in [20] . The beam diffracts into different orders after passing through the CGH. HCOB intensity profile can be obtained from the 1 st order which is selected by an aperture that is placed at the back focal plane of L1. A second lens L2 is positioned beyond the aperture at a distance equivalent to its focal length (f 2 = 250 mm). A CCD camera is placed right after the back focal plane of L2. The camera captures the near field intensity patterns of the HCOB. We also open the aperture to accommodate the zeroth order so that superposing this with the 1 st order will yield interferograms. Interferograms are produced to verify the relative polarities and the magnitudes of OVs. Illustration of the quantification of topological charges by interferograms and confirming the topological charge conservation are presented in [21] .
Rigorous scalar diffraction theory is utilized for propagating the HCOB numerically. The phase expression given by Equation (1) 
Detecting optical vortices numerically
A 1024 x 1024 pixels frame size is used in the numerical simulation. The side length of this frame is set to 0. The threshold value for assigning zeroes of real and imaginary parts should be the same for the entire range of propagation distances to achieve uniformity in parameters. We selected the threshold value to be 0.05 which is observed to adequately yield points of intersection. One issue at relatively farther propagation distances is the occurence of unconnected points of intersection that signify the same OV. This is resolved by performing image dilation in which a square with 5-pixeled side is used as structure element to dilate the non-zero valued pixels in the array [22] . The image dilation expands a single pixel into the same size of the structure element which enables the connection of unconnected pixels. Since the study aims to observe the dynamical behavior of OVs as far as 1000 mm propagation distance, some resulting unconnected points are much dispersed which require repetition of image dilation. Hence, image dilation is repeated 5 times to ensure the connection of the points and this is done for all the propagation distances for uniformity.
This study requires detection of multiple OVs in a single beam, hence it is helpful to distinguish groups of pixels that signify different OVs. This is done via blob analysis which is a standard image processing when observing dynamics of certain features in an image [23, 24] . Blob analysis starts with binarized image containing blobs or cluster of connected points. These blobs are assigned with propagates it is expected that intersecting zeroes of real and imaginary parts will result to more cluster of points. This is apparent to the blob sizes in 3e and 
Results and Discussion

Comparison: experimental and numerical results
We compare the experimental and numerical beam intensity with phase parameters l and K set to 3 and 1, respectively, in Figure 5 . We display the intensity profiles acquired at several propagation distances (near f 2, ∼13 cm from f 2, and ∼27 cm from f 2). The near field intensity results between experiment and simulation display similar features. Discontinuous cuts are present along the left horizontal region of the intensity profiles. The cut is noticeably consisting of three peripheral vortices that are aligned to the central vortex.
These dark spots enlarge through propagation. The peripheral vortices have eccentricities increasing and major axis slanting as the beam propagates. These evolutions reveal the dynamical behavior of the localized vortices which develop into spiralling intensity at the far field as observed by Alonzo et al. [25] . 
Simulations: propagation dynamics of OVs
We illustrate the propagation dynamics of the OVs by location maps. In a location map, the propagation distance axis is projected onto 2D transverse Two pertinent observations can be extracted from these location maps. First, the vortices are perceived to get attracted toward the optical axis. Second, although not so apparent for farther OVs, the direction of angular displacement is opposite between K equal to 0 and 1. Significant angular displacements can be examined for the case K equal to 1, particularly to the intermediate and near vortices. The nearer vortices tend to be azimuthally displaced at faster rate. This indicates that the stronger interaction of relatively nearer vortex to the oppositely charged central vortex. The motion of these OVs can be verified mathematically in the same manner as Roux derived the change in location r(ρ, θ) of an OV with respect to propagation distance z. By evaluating the gradient of the general expression of HCOB phase given by Equation (1) with an added factor of −kz where k is the wavenumber, the change in location r(ρ, θ) becomes:
whereê z and ρ denote the unit vector along propagation axis and the separa- However, as l value goes higher such as 5 and 6, this undulation becomes less apparent. Moreover for higher l values, the farther the OV from the optical axis the less it is affected by the presence of a central OV since it is observed that direction of angular displacement of this OV is same with the case for no central OV. The dynamics of more peripheral OVs is beyond the scope of this study, although it will be interesting to investigate and detail the behavior. 
